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Abstract 
Chemical penetration enhancers such as micelles can be formed from the solubilisation of the nonionic surfactants in the 
nanoemulsion system which may then provide an effective solution to the problems associated with drug delivery systems. 
The structural properties of micelles comprising 5, 20, and 30 molecules of the nonionic surfactant Tween80 were 
investigated by all-atom level molecular dynamics simulation in explicit water system. The micelles with higher 
aggregation numbers showed a prolate shape, with the surface being dominated by the polar hydrophilic moieties of 
surfactant molecules. The average radius of gyration was between 1.1-4.9 nm while the effective radius, determined from 
the radius of gyration was between 1.4-3.2 nm. The estimated structural properties of the micelles formed may give us a 
more detail insight in understanding the complexity of these classes of nonionic surfactants.   
 
© 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of Asia-Pacific 
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1. Introduction 
A micelle is a spontaneous aggregation of an amphiphilic surfactant in water into a spherical, rod-
shaped/cylindrical or lamellar structure depending on surfactant concentration. The size of the micelle is 
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determined by the molecular size and geometrical features of the surfactant molecules which include a 
hydrophilic head and a hydrophobic tail. The driving force of micelle formation is the hydrophobic effect 
which excludes hydrophobic moieties from water to the interior of the micelle, and an interfacial free energy 
penalty for the water-micelle interface [1-5]. Solubilization of surfactant micelles in emulsions shows many 
advantages such as producing micelles with more thermodynamical stability than the emulsions itself [6]. 
This property is essential especially in forming the nanoemulsions of palm-oil based esters which can then be 
used as a chemical penetration enhancer (CPE) for transdermal drug delivery systems [7]. The structure of 
these nanoemulsions is defined as dispersions of self-assembled palm-oil esters and surfactants molecules in 
water resulting from solubilization of surfactant micelles. Chemical penetration enhancers should be 
pharmacologically inert, non-toxic, non-irritating and non-allergenic in addition to a rapid and reversible 
onset of action and compatible with the formulation components [8]. Non-ionic surfactants are considered 
safe to be used in chemical, cosmetic, food, and pharmaceutical industries [4]. The most commonly used 
surfactant is polysorbate 80 (commercially known as Tween80®) series. Tween80 (T80) is an odourless and 
tasteless nonionic surfactant and emulsifier derived from polyethoxylated sorbitan and oleic acid with a 
hydrophilic-lipophilic balance (HLB) value of 15.0 ± 1.0. It is often used as an emulsifier, solubiliser and a 
wetting agent [8-9].   
 
 
Fig. 1. Tween 80 molecular structure. x, y, z, and w were selected as 5. 
It shows a multi-headed structure, with four extended hydrophilic moieties, one of which has a tagged 
alkyl chain, Fig. 1. The formation of micelle in water has been studied using different laboratory experimental 
techniques for several years. Complementary approaches involve computational techniques such as atomistic 
molecular dynamics (MD) which have been widely used to understand and explore the physical properties of 
micelles and self-assembly process.  All-atom level MD based on realistic potentials is a popular technique 
and has been used to study the micelles of nonionic surfactants such as Octyl Glucoside [10-11], C12E4 in ȕ-
Cyclodextrin [12], Dodecylphosphocholine (DPC) [13-15] and ionic surfactants such as sodium dodecyl 
sulfate (SDS) [16] and sodium octanoate [17-18]. Due to the importance of nanoemulsions of palm-oil based 
esters which can then be used as CPE, we previously reported the atomistic MD simulation results of 
nanoemulsion system of water, palm-oil esters (POEs) and Span20 [19]. We showed that after 8 ns of 
simulation, the molecules started to form a spherical micelle where the POEs molecules were surrounded by 
the nonionic surfactant (Span20) molecules. Our results suggested that this nanoemulsion can potentially be 
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used as a good carrier in transdermal drug delivery.   
In another study by Abdul Rahman et al. (2010), the structural properties of micelles of oleyl oleate (OE) 
ester with Tween80 and Span20 were simulated to investigate the effect of different nonionic surfactants. 
From their results, the shapes of the micelles varied due to differences in micelle composition, surfactants 
used, and addition of OE. However, these results did not illustrate the conformations of these surfactants 
assembled either as a monomer or within a micelle formed. Considering the importance of nonionic 
surfactants in the formation and control of nanoemulsion formulations on a rational basis in different 
industries, detail understanding of the micelle properties of these classes of surfactants will be very important. 
Here, we present all-atom level MD simulations of the self-assembly of 5, 20, and 30 molecules of T80 in 
water to explore the structural properties of the micelles formed. Due to the molecular structure of T80 which 
is relatively large (214 atoms), an atomistic MD simulation of T80 micelles is somehow a big challenge with 
the aggregation number in the range of 22-350 reported experimentally [21-24]. With respect to the 
complexity of the Tween80 structure, our atomic simulations will extend the breadth of knowledge on the 
micelle properties of this class of surfactants. 
2. Methodology 
2.1. Force Field Parameterization 
One of the most important parts of any MD simulations studies is deriving and validation of a reliable 
force field (FF) to sample the accessible molecular states more accurately. The OPLS-AA force field [25] was 
chosen for this study and the T80 atom types were assigned accordingly. The geometry optimization was 
performed using WinGAMESS program [26]. Due to the large size of the model structure, optimization was 
first performed at a lower basis set of STO-3G and then the equilibrated geometry were re-optimized at 6-31G 
level. Atomic charges were then calculated using Restrained Electrostatics Potential (RESP) method [27] 
based on electrostatic potentials (ESP) calculated at 6-31G level.  
2.2. Molecular Dynamics (MD) Simulations  
MD simulations and energy minimization were performed using GROMACS software package version 
3.3.2 [28-29]. The structure of T80 was placed in a cubic simulation box with pre-equilibrated SPC water 
model [30] to solvate the surfactant. The whole system was energetically minimized using steepest descent 
and conjugate gradient techniques until the minimization converged with the maximum force less than 5 kJ. 
Mol-1.nm-1. The model system was then heated up for 20 ps at 300 K in a NVT ensemble using periodic 
boundary conditions. A 2 fs step size was used with all covalent bonds to hydrogen atoms held rigid using 
LINCS algorithm [31]. The water geometry was constrained using the SETTLE algorithm [32]. The 
temperature was coupled to 300 K with ĲT equals to 0.5 using Berendsen thermostat [33] and the pressure 
coupling was turned off. The neighbor-searching cut-off was set at 1.0 nm. The electrostatic interactions were 
cut-off at 1.0 nm using Particle-Mesh-Ewald (PME) method [34]. Fourth-order interpolation was used by 
setting pme_order equals to four. This spacing gave electrostatic energies accurately to about 5×10-3 [28]. The 
van der Waals forces were cut off at 1.4 nm. A short equilibration simulation of 300 ps followed by a 
production simulation of 1 ns with a step size of 2 fs in a NPT ensemble was then carried out with the same 
protocol as described earlier while the van der Waals forces calculations were cut-off at 1.2 nm and the 
pressure coupled with the Parrinello-Rahman method [35] at 1.0 bar with Pτ  of 1.0. At the end of 
equilibration the average density of system was 1.01(±0.003) g/cm3 which almost in a good agreement with 
the experimental density of Tween80 (1.073 g/cm3) [36]. 
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The experimentally reported aggregation number of T80 in water is in the range of 22-350 [21-24]. Thus, 
in order to study the effect of T80 composition on the structure and dynamics of T80 micelle in water, three 
different models were prepared consisted of 5 (T805), 20 (T8020), and 30 (T8030) molecules of surfactant in 
water, respectively (see Table I). To prepare the initial model, the last conformation from the MD set of 500 
configurations of the equilibrated T80 molecule was chosen. The water molecules were removed and then 5, 
20, and 30 molecules of T80 were placed randomly in a cube using Packmol [37]. Later on, all three models 
were solvated by pre-equilibrated SPC water molecules [30]. Three series of MD simulations were performed.  
All systems were first energetically minimized using both steepest-descents and conjugated-gradients 
techniques and then equilibrated for 300 ps. MD production simulations were done in a NPT ensemble with a 
step size of 2 fs for 15 ns. The MD protocols were the same as mentioned above, except the temperature was 
coupled to 300 K bath with ĲT changing between 0.5-0.8 using the Berendsen thermostat [33]. After 15 ns, the 
pressure coupling was switched off and MD productions were continued for another 7 ns for T8020 model 
and 10 ns for T8030 system. 
Table 1. An Overview of MD Simulations 
Model # Tween80 # SPC Box edge(nm) Average density
(g/cm3) 
Concentration
(w%) 
Average 
total energy (kJ/mol) 
T801 1 5368 5 1.01±0.003 1.35 -1.69×105±305 
T805 5 13450 7.5 1.01±0.002 2.70 -4.21×105±513 
T8020 20 49403 11.5 1.01±0.001 3.12 -1.54×106±1012 
T8030 30 55432 12 1.01±0.0009 3.94 -1.72×106±1023 
3. Results and Discussion 
The aggregation of surfactants molecules into clusters and then micelles can be explained using reversible 
or irreversible coagulation process and calculation of the rate of the aggregation/disaggregation reaction [14]. 
The formation of clusters can be defined by how molecules/atoms interact. However, this statement is too 
specific. Here, the clustering analysis was performed using g_clustsize analysis tool in GROMACS version 
3.3.2 [28-29].  We computed the number of clusters presented at a time using the distance between surfactant 
molecules. Molecules that located over 0.5 nm away from each other were not distinguished as a cluster. The 
analysis ignored the image from periodic boundary conditions effect. Fig. 2 shows the snapshot pictures of 
our models with different number of T80 molecules. A micelle with 5 molecules of Tween80 (T805) was 
stable over the 15 ns simulation but the systems consisted of 20 molecules (T8020) and 30 molecules (T8030) 
showed different number of clusters with several escaped molecules. Lower stability for T8020 at 20 ns of 
simulation and T8030 systems at 25 ns of simulation might suggest that exchange with the bulk solution was 
clearly a fast process for our model surfactant [10]. Our results propose that T80 aggregation require a 
minimum size of 5-10 molecules for stability on the nanosecond time scale for MD simulation. We calculated 
the micelles’ structural properties based on the biggest cluster formed in all models. All reported values were 
averaged for the last 1 ns simulations of T805 and T8020 and between 22-23 ns of T8030 production 
simulations which showed more or less stable conformations. The escaped molecules were not included in the 
subsequent calculations. From the representative dynamics frames for T805, T8020, and T8030 models (Fig. 
2), no significant shape changes were observed at nanosecond time scale for the clusters with a minimum size 
of 5 molecules and above. 
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(T805) 0 ns (T805) 8 ns (T805) 15 ns 
(T8020) 0 ns (T8020) 8 ns (T8020) 20 ns 
(T8030) 0 ns (T8030) 15 ns (T8030) 25 ns 
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To compare our simulated results with the theoretically predicted values, the effective radius, Rs of a 
cluster was estimated. If it is assumed that the clusters are on approximately spherical shape, the effective 
radius of the micelle/cluster, Rs, depends on the radius of a solid sphere with uniform density and its average 
radius of gyration (see equation 1). This definition is also applied in experimental studies such as light 
scattering to calculate the micellar radius. Using this equation, Bogusz et al. (2000) found a good agreement 
between simulated and experimentally determined radius of glucoside micelles. We used equation 1 to 
calculate Rs. 
 
5
3s gR R= E ;                                                                             (1) 
 
The radius of gyration, Rg, as a function of time for all simulations is shown in Fig. 3; red (T805), green 
(T8020), and black (T8030).  Rg was used to determine the compactness of the micelle in all systems. The Rg 
results showed a sharp increase for T8030 model and a sharp decrease for T8020 system around 15 ns. These 
results may suggest that in T8030 model, the molecules move away from each other which lead to the 
expansion in the micellar system while reverse phenomenon occurred in T8020 simulated model. After 15 ns, 
both models showed a constant fluctuation in the radius of gyration until the end of simulation. Rg results 
propose the formation of a large and stable aggregate for both simulated models. Our estimated Rs values 
were in the range of 1.4-3.1 nm (see Table 2). Given the approximate nature of the spherical assumption and 
the observed deviation from the spherical shape (see Fig. 2 and the discussion below) and also the variability 
in aggregation number, the predicted results can be agreeable. However, there is no specific experimental 
value for our model surfactant to be compared with. A literature survey shows a considerable difference of the 
aggregation number (over the range of 22-350 surfactant molecules) and the associated micelle radius of 2.1-
4.05 nm [21-24]. As a result, comparison between the simulation results reported from different molecular 
simulation techniques and experimental values will be somehow difficult. The shape of the micelle can also 
be quantified by monitoring the three time-averaged principle moments of inertia and evaluating the 
eccentricity value, e, from equation II [38] where Imin is the moment of inertia along either the x, y, or z axis 
with the smallest value and Iavg is the averaged value over all three axes.  The micelle with eccentricity value 
of zero shows a perfect sphere shape.  
 
min1
avg
Ie I= −                                                                                             (2) 
 
The moment of inertia was calculated from the gyration results of our three different simulated systems 
based on equation III, where mi is the mass of the atom i and ri is the distance between the atom and the centre 
of mass of each molecules involved.   
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Table 2 reports a summary of all averaged values for the last 1 ns simulations of T805 and T8020 and 
between 22-23 ns of T8030 simulation which showed stable conformations. 
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Fig. 3. Radius of gyration (Rg) as a function of time; green (T805), red (T8020), and black (T8030). 
A more detail analysis of the shapes of micelles is possible with an estimation of the ratio for the average 
principal moments of inertia (see Table II). The principal moments of inertia of T805 model were not 
significantly different, indicating an approximately spherical shape, with the principal moments of inertia in 
the ratio of 1.3:1.1:1 in consistent with the reported eccentricity value of 1.0. T8030 had almost two similar 
values and one much lower one, indicating a shape like a prolate ellipsoid with a ratio of 1.9:1.6:1. However, 
the values for T8020 were much further apart, with a ratio of 2.2:1.8:1 which was consistent with the visual 
representations illustrated above (see Fig. 2), proposing that the surfactant molecule undergo some structural 
changes that mimic a prolate-like shape.  
Table 2.  A Summary of Calculated Rs,  Moment of Inertia, and eccentricity values of three model systems 
Model  
system 
<Rg> 
(nm) 
Rs 
(nm) 
<I1> 
(104amu nm2)
<I2> 
(104amu nm2)
<I3> 
(104amu nm2)
I1:I2:I3 e 
T805 1.10±0.008 1.42 0.62±0.01 0.52±0.01 0.46±0.01 1.3:1.1:1 1.00 
T8020 4.91±0.06 3.16 27.49±1.07 23.32±1.06 12.39±0.25 2.2:1.8:1 0.74 
T8030 4.86±0.05 3.11 39.42±1.05 33.00±1.47 20.41±0.86 1.9:1.6:1 0.63 
 
The packing of surfactant molecules and the degree of the penetration of water may affect the dynamical 
behaviour of the micelle/cluster formed. The radial distribution function (RDF) is described as the probability 
of finding an atom/molecule around another atom/molecule up to a certain distance considering a 
homogeneous distribution of the atoms/molecules in space.  
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Fig. 4. Radial distribution function (RDF) as a function of time for T80 molecules; black (T805), red (T8020), and green (T8030). 
Due to the complexity of Tween80 structure and limitation of our atomic MD simulation analysis, RDF 
values were calculated based on the probability densities of individual T80 molecules without breaking it to 
head and tail moieties. However, using coarse-grained MD would be much easier in looking at the hydration 
pattern of this class of surfactants [24]. The radial density distribution function (RDF), g(r), were plotted for 
all systems in Fig. 4; black (T805), red (T8020), and green (T8030). The peaks were well-defined and located 
at smaller radii and the shapes of the surfactant densities, g(r) in all systems were similar.  The average 
distance and the peak height for the highest peak were calculated. The average values of the highest peak for 
T805 (31.25±0.12 nm), T8020 (28.58±0.21 nm), and T8030 (21.39±0.16 nm) were corresponded to the 
average distance located at about 0.47±0.00 nm for all simulated models. The calculated values showed the 
largest intensity, reflecting the closest and preferential localization of surfactant atoms together. The RDF 
calculation is a rough estimate because it is based on the approximation to the actual geometry of the 
micelles/clusters formed. Therefore, accessible surface area (ASA) could be a better approach to obtain a 
quantitative interpretation of molecular packing of molecules. The water accessibility of surfactant molecules 
could be evaluated via calculation of solvent accessible surface area (SASA). The SASA per each molecule of 
surfactant depended on the micelle size. Table III reports hydrophobic, hydrophilic, and total SASA values of 
three different model systems for the biggest cluster formed per each molecule. 
Table 3. A summary of hydrophobic, hydrophilic, and total solvent accessible surface area (SASA) of three model systems averaged per 
one molecule of Tween80 
Model system Hydrophobic(nm2) Hydrophilic(nm2) Total(nm2) 
T805 7.18±0.21 1.29±0.09 8.47±0.26 
T8020 7.56±0.29 1.22±0.05 8.78±0.33 
T8030 7.76±0.15 1.30±0.03 9.06±0.17 
A higher total SASA value of 9.06±0.17 nm2 per surfactant molecule was found for the T8030 model, 
indicating a slightly more diffuse and irregular arrangement of T80 molecules relative to each other. The 
SASA value of the hydrophobic atoms was almost the same for all models, implying that the surfactant 
molecules packed rather tightly against the surface at the core. In comparison, the hydrophobic atoms for 
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T8020 and T8030 micelles showed a slight increase in SASA value while the hydrophilic group regions did 
not change significantly. This might be related to the fact that the micelle geometry re-arranged upon addition 
of the number of T80 molecules. The area of the micelle surface covered by the hydrophilic SASA increased 
only slightly over the range of micelle sizes for three simulated systems while the hydrophobic atoms 
increased almost with the same rate as the total SASA for both T8020 and T8030 models. The surfaces of the 
T8020 and T8030 micelles were more hydrophilic as expected due to the strong interactions between the 
surfactant and the water molecules.  
4. Summary and Conclusion 
We carried out all-atom level MD simulations of Tween80 in water as a single molecule as well as the self-
assembly of three Tween80 micellar systems comprising of 5, 20, and 30 molecules. Our results revealed that 
the self-assembly of Tween80 molecules from randomly positioned molecules to clusters and then to micelles 
was rather fast, occurring within a nanosecond time scale. The micelle structure illustrated a prolate-like 
shape in all three models. The hydrophobic core was densely packed while the surfaces were more 
hydrophilic as expected due to strong interactions between the hydrophilic moiety of surfactant and the water 
molecules. The structural properties estimated gave a more detail insight in understanding the complexity of 
these classes of nonionic surfactants.   
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